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Class C B-lactamases poorly hydrolyze cephamycins (e.g., cefoxitin, cefotetan, and moxalactam). In the past 2 decades, a new
family of plasmid-based AmpC 3-lactamases conferring resistance to cefoxitin, the FOX family, has grown to include nine
unique members descended from the Aeromonas caviae chromosomal AmpC. To understand the basis for the unique cephamy-
cinase activity in the FOX family, we determined the first X-ray crystal structures of FOX-4, apo enzyme and the acyl-enzyme
with its namesake compound, cefoxitin, using the Y150F deacylation-deficient variant. Notably, recombinant expression of N-
terminally tagged FOX-4 also yielded an inactive adenylylated enzyme form not previously observed in B-lactamases. The post-
translational modification (PTM), which occurs on the active site Ser64, would not seem to provide a selective advantage, yet
might present an opportunity for the design of novel antibacterial drugs. Substantial ligand-induced changes in the enzyme are
seen in the acyl-enzyme complex, particularly the R2 loop and helix H10 (P289 to N297), with movement of F293 by 10.3 A.
Taken together, this study provides the first picture of this highly proficient class C cephamycinase, uncovers a novel PTM, and
suggests a possible cephamycin resistance mechanism involving repositioning of the substrate due to the presence of S153P,

N289P, and N346I substitutions in the ligand binding pocket.

pon their discovery in the early 1970s, cephamycins were re-

garded as a solution to the emerging problem of cephalospo-
rin-resistant bacteria (1). Derived from a bacterial natural prod-
uct, cephamycin C, the pharmacology of this class of compounds
parallels that of the cephalosporins, so these compounds (includ-
ing cefoxitin, moxalactam, and cefotetan) are sometimes catego-
rized as “second-generation” cephalosporins (see Fig. 1) (2). They
contain the characteristic 7-a.-methoxy group, which was shown
to be essential for their recalcitrance to B-lactamase hydrolysis. At
its introduction, cefoxitin displayed clinical activity against Gram-
negative, Gram-positive, and anaerobic bacteria (3). As a conse-
quence, cephamycins became widely used drugs to treat and even
prevent infections. Cefoxitin was first approved for use in the
United States in 1977 and was the highest-selling hospital drug in
1984 (4). Cefoxitin’s initial effectiveness led to a recognized
pattern of clinical overuse that may have contributed to the
development of resistant -lactamases (5). In addition, re-
duced permeability contributed to cephamycin resistance in
Enterobacteriaceae (6).

Resistance to cefoxitin seems to have emerged spontaneously
many times in Ambler class C 3-lactamases, as opposed to having
occurred through a single event and subsequent spread (7). The
spread of cephamycin resistance was accelerated by the appear-
ance of plasmid-based B-lactamases (8). There are now >150
known B-lactamases that significantly hydrolyze cephamycins
(9), the most widespread of which is the plasmid-based CMY-2
(10). The CMY family of cephamycinases has been characterized
with respect to structure and function, and the origin of their
resistance to cefoxitin has been linked to alterations in the R2
substrate-binding loop that encompasses helix H10 (11, 12). In-
sertions and deletions in this region that widen the binding pocket
correlate with a gain in the ability to hydrolyze cephamycins and
expanded-spectrum cephalosporins.
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The FOX family of cephamycinases was first observed in 1994
(13). The family has grown to include 10 related variants (nine are
unique, as FOX-5 and FOX-6 possess the same sequence). None of
them have been structurally described until now. The FOX family
is distantly related to other cephamycinases and is thus an impor-
tant enzyme to compare with the CMY and MOX families, which
have been structurally characterized (Protein Data Bank identifi-
ers [PDB IDs] 1ZK]J, 1ZC2, and 3W8K). Importantly, the FOX
cluster lacks the shortened R2 loop seen in CMY-10 and MOX-1
enzymes (Fig. 2).

The structural origin of cephamycinase activity in FOX en-
zymes is not well understood. Mallo et al. (14) established that the
deletion of a tripeptide (Gly-286, Ser-287, and Asp-288) in the R2
loop demonstrated little effect on cefoxitin hydrolysis. Clearly,
factors beyond the length of the R2 loop govern cefoxitin hydro-
lysis in this family. Substitution of the conserved N346 for isoleu-
cine is often seen in extended-spectrum AmpCs and cephamyci-
nases and is implicated in substrate specificity switching toward
carbapenems (15). The development of carbapenemase activity
among cephamycinases is a particular concern due to the struc-
tural similarity between the two classes of antibiotics.

The active-site motifs in FOX-4 are shared by all class C -lac-
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FIG 1 Compounds used in this study and other cephamycins. Cefoxitin is shown in blue, the 7-a-methoxyl group is shown in green, and the carboxamide side

chain that is eliminated upon acylation of S64 is shown in red.

tamases: SXXK (positions 64 to 67), YXN (positions 150 to 152),
and KTG (positions 315 to 317) (Fig. 2). For clarity, we will refer to
the residues of FOX-4 by the canonical numbering of Enterobacter
cloacae P99 AmpC (16). Compared to P99, the chain of FOX-4 is
two residues shorter, due to a slightly longer signal peptide. There
is a Ser residue inserted after the conserved Y203 in an exposed
loop and a 2-residue deletion corresponding to P99 positions 242
and 243; both chain alterations occur on the protein surface, are
distal to the active site, and are compensated by shifts in the chain
that do not reveal any obvious structural differences in the sub-
strate-binding region. The main differences in the substrate-bind-
ing region are the composition of the R2 loop and the residue at
position Xaa346. Comparing known sequences of cephamyci-
nases to noncephamycinases (e.g., chromosomal AmpC enzymes
from E. cloacae P99, Escherichia coli K-12, and Citrobacter freun-
dii), the sequence of FOX-4 aligns well in all regions except the R2
region. The side chain substitutions that result in cephamycinase
activity are not readily evident by an examination of the primary
sequence. Furthermore, the designations of cephamycinase and
noncephamycinase enzymes, based on MIC results, are not clearly
reflected in the steady-state kinetic constants. Often, the same
catalytic efficiency is achieved by enzymes from each category (Ta-
ble 2, compare the susceptible AmpC of E. cloacae P99 to the
resistant AmpC of Pseudomonas aeruginosa). The k_,, values, how-
ever, seem to correlate with a resistance phenotype, except in the
case of AmpC from E. coli K-12, for which there is an elevation in
the K,,, value. Therefore, the k., value may be a better measure of
resistance toward cefoxitin.
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To investigate the structural basis of cephamycin resistance in
the FOX enzymes, the X-ray crystal structure of the family mem-
ber FOX-4 was determined in the presence and absence of its
namesake ligand, cefoxitin. This work first required the identifi-
cation and ablation of a posttranslational modification (PTM) by
adenylate (AMP) on S64. Steady-state kinetic constants were ob-
tained for the unmodified enzyme with a few representative com-
pounds (Fig. 1). The structural basis of cephamycinase activity is
proposed.

MATERIALS AND METHODS

Reagents and compounds. Lysogeny broth (LB) powder was purchased
from Thermo Fisher Scientific (Springfield, NJ). Nitrocefin was pur-
chased from TOKU-E (Bellingham, WA). Unless otherwise specified, all
chemicals were from Sigma-Aldrich (St. Louis, MO) and were of the high-
est grade available.

Site-directed mutagenesis. The S64A and YI150F substitutions
were generated in an expression plasmid carrying recombinant, tagged
blagox 4 using the QuikChange Lightning site-directed mutagenesis kit
(Agilent Technologies, Santa Clara, CA). The primer pairs (Life Technol-
ogies, Carlsbad, CA) containing mutant codons (underlined) were
S64Afor (CTGTTCGAGATTGGCGCGGTCAGCAAGACCC), S64Arev
(GGGTCTTGCTGACCGCGCCAATCTCGAACAG), Y150Ffor (GGAC
TCATCGCCAGTTTTCCAACCCCAGCAT), and Y150Frev (ATGCTGG
GGTTGGAAAACTGGCGATGAGTCC). The mutagenic PCRs were car-
ried out on a MyCycler thermal cycler (Bio-Rad, Hercules, CA), according
to the manufacturer’s instructions.

Protein expression and purification. Recombinant FOX-4 B-lacta-
mase was produced from an expression vector (pHMTEV) that added a
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FOX-4 Cephamycinase Structure and Function
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FIG 2 Multiple-sequence alignment of mature-length class C B-lactamases. Alignment was carried out using Clustal Omega. Conserved active-site motifs are

shaded blue. The R2 loop is shaded yellow. Sequence motifs at positions 153 and 346 are shaded by residue type in magenta or green.
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TABLE 1 Data collection and refinement statistics for the FOX-4 crystal structures

Crystal structure

Parameter WT Y150F Y150F
Ligand SEX
PDB entry 5CGS 5CGW 5CGX
Data collection
Resolution range (A) 20.0-1.6 20.0-1.4 20.0-1.2
Wavelength (A) 0.979 0.979 0.979
Space group P2, P2, P2,
Unit cell dimensions (A)
a 54.85 53.22 54.24
b 57.09 56.61 56.59
c 56.75 54.18 55.49
a=7v(°) 90 90 90
B () 96.45 96.24 99.23
No. of observed reflections 137,328 219,916 355,116
No. of unique reflections 41,748 62,564 96,864
Completeness (%) 96.5 (87.1) 98.5(93.8) 95.4 (92.2)
I/ol 7.6 (2.1) 10.2 (2.5) 6.4 (1.6)
Rpperge (D" 0.080 (0.372) 0.073 (0.496) 0.070 (0.739)

Structural refinement

Reyet (%)° 0.201 0.172 0.181
Rpye (%)° 0.230 0.207 0.205
No. of protein nonhydrogen atoms 2,704 2,781 2,797
No. of water molecules 220 443 379
Average B-factor (A?) 17.2 14.0 11.4
RMSD from ideal value?
Bonds (&) 0.011 0.009 0.012
Angles (°) 1.36 1.33 1.43
Torsion angles (°) 14.1 12.6 14.3
Overall coordinate error (maximum-likelihood) 0.21 0.15 0.16
Ramachandran statistics (for non-Gly/Pro residues) (%)
Most favorable 97.5 97.3 97.3
Additional allowed 2.5 2.7 2.7

@ Values in parentheses indicate statistics for the high-resolution bin.

b Riperge = 22 j|i(hkl) — (I(hkl))|/23 ;{I(hkl))|, where Jj is the intensity measurement for reflection j, and {I) is the mean intensity over j reflections.
“ Reryst/ (Reree) = 2 ||F,(hkD)| — |F.(hKD)||/Z |F,(hkl)|, where F,, and F, are the observed and calculated structure factors, respectively. No o-cutoff was applied. Five percent of the

reflections were excluded from refinement and used to calculate Ry ..
4 RMSD, root mean square deviation.

His,-maltose binding protein affinity tag and a spacer region containing
the tobacco etch virus (TEV) protease recognition sequence to the N
terminus of the mature-length FOX-4 (lacking the periplasmic signal se-
quence). Protein expression in E. coli BL21(DE3) was induced with 1 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG) for 20 h at 17°C. The cells
were harvested by centrifugation and incubated at 4°C for 50 min with 0.1
mg/ml lysozyme, 200 uM phenylmethylsulfonyl fluoride (PMSF), and 1
mM EDTA in 50 mM sodium phosphate buffer (pH 8.0). The cells were
lysed by sonication and centrifuged at 17,500 rpm and 4°C for 50 min. The
clarified lysate was diluted in loading buffer (50 mM sodium phosphate
and 300 mM sodium chloride [pH 8.0]) supplemented with 2 mM mag-
nesium chloride to chelate the EDTA. The diluted lysate was passed over
chelating Sepharose (GE Healthcare, Piscataway, NJ) charged with co-
balt(II) chloride and equilibrated in loading buffer. The column was
washed with wash buffer (loading buffer plus 30 mM imidazole [pH 8.0])
until protein was no longer detected in the effluent (Bradford assay). The
fusion protein was eluted using elution buffer (loading buffer plus 250
mM imidazole). Fractions containing the fusion protein were pooled and
dialyzed extensively against dialysis buffer 1 (50 mM Tris [pH 7.5] with 1
mM EDTA [pH 7.5]) in the presence of 1 mg of TEV protease per 50 mg
of fusion protein at 4°C (17). After 24 to 72 h, the cleaved fusion protein
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was dialyzed for 24 h against dialysis buffer 2 (lacking EDTA). The dialy-
sate was passed over a regenerated cobalt-Sepharose column to remove
the His,-tagged TEV protease, the His,-maltose binding protein (MBP)
tag, and uncleaved fusion protein. Pure recombinant mature-length
FOX-4 was obtained by passing wash buffer over the column, as FOX-4
has slight affinity for cobalt-Sepharose, and was finally dialyzed against 50
mM Tris (pH 7.5). The final recombinant FOX-4 protein has a Gly-His-
Met tripeptide added to the N terminus compared to the native mature-
length protein.

Native FOX-4 was produced by culturing the clinical strain E. coli
42015 carrying blapoy_, overnight from a saturated starter culture into
superoptimal broth (SOB) at 37°C with shaking at 200 rpm. The cells were
lysed by a stringent periplasmic fractionation method with 40 mg/liter
lysozyme and 1.0 U/ml Benzonase nuclease (Novagen), after which 1 mM
EDTA was added. The lysate was centrifuged twice to remove cell debris at
12,500 rpm and 10°C for 10 min and filter-sterilized using a 0.22-pum-
pore-size filter. The lysate was incubated with 5 ml of m-aminophenylbo-
ronic acid (mAPBA) agarose, prepared as described previously (18). The
mixture was added to a column, the flowthrough was removed (flow rate,
0.3 ml/min), and the column was washed with loading buffer (25 mM Tris
and 500 mM sodium chloride [pH 7.0]). Pure FOX-4 was eluted from the

February 2016 Volume 60 Number 2


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5CGS
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5CGW
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5CGX
http://aac.asm.org

FOX-4 Cephamycinase Structure and Function

H,N
x25 x10 1 x10 —N
100 B 754.0 '\; \ N/>
: " L
. + N
n ~
: 3 on
: =
80- 5
(=] = 73]
O\ ] 35 OH
o 7 8 O\ OH
EE ¢ e
o p— 1
= 60
E) . bionseries 1o 3 9 \1
R } VISE]O Z ZEI GS VSZK o
D) . ! 5 Too BT T TS T T yionseres
>
2 40— = il §346 o
= ] o 8 4 o0
< ] > < >
= . olas i 4594
7 1 o~
= < o> N}
g 5 s | s
T O t? e}
20- s S0 “
] = ' 65847015 ¥ >
] o o~ — 825.6
N _8] " g < A —_— 744.9 77(‘)
] © N o < | 5087 |
1 1872 2833775 5453 ‘ l ‘ l
_”Lll.l.ufl.y..‘l]‘l..‘l‘. | L.l. ‘IIIII.\L’ILIHI!'IIilll, ""I '\'nlmln”'|I|‘\|‘Lll||!hlllnlu”

200 600

800 1000 1200

m/z

The predicted product ions for this modified peptide are:

1406.6 1319.5 1190.5 1062.4 961.4 848.3 701.2
1753.8 1666.7 1537.7 1409.6 1308.6 11955 1048.4
V S E [ T L F E
b ion
series 187.1 316.2 444.2 5453 658.3 805.4 934.5

572.2 459.1 402.1 y ion series - 347 (phosphadenosine moiety)
919.4 806.3 749.3 333.2 234.1 147.1 y ion series
1 G S(H+329.D) 12 Ky K
1047.5  1104.6  1520.6 1619.7 1707

FIG 3 MS/MS spectrum of the FOX-4 triply charged tryptic peptide 55 to 68 (VSEQTLFEIGSVSK) at m/z 618.39. Peptides containing phosphoadenosine
(PhosphoAd) display the characteristic neutral loss of 347.1 Da. The ion at m/z 754.0 represents the doubly charged phosphoadenosine neutral loss from the

precursor ion. The matching b- and y-ion series are labeled.

column using elution buffer (500 mM sodium borate [pH 7.0] and 500
mM sodium chloride). The eluted protein was approximately 95% pure
on a Coomassie-stained SDS-PAGE gel. FOX-4 was extensively dialyzed
against 50 mM Tris (pH 7.5) and concentrated to 10 mg/ml for the crys-
tallization trials. Protein for kinetics was stored at —80°C.

Sample preparation and Nano UPLC-MS/MS analysis. Twenty-five
micrograms of purified FOX-4 protein in 50 mM ammonium bicarbonate
(NH,HCO,;) (Sigma, USA)-0.01% ProteaseMAX (Promega, USA) was
reduced with 5 mM Tris(2-carboxyethyl)phosphine (TCEP) (Thermo,
USA) for 30 min at 25°C, followed by alkylation with 25 mM iodoacet-
amide (Sigma, USA) for 30 min at 25°C in the dark. The sample was then
digested with trypsin (Trypsin Gold; Promega) at a ratio of 1:100 at 37°C
in a shaker for 3 h. After 3 h of digestion, an aliquot was taken and diluted
50 times with 2% acetonitrile (Fisher, USA)-0.1% trifluoroacetic acid
(TFA) (Pierce, USA), and a fraction was analyzed by Nano ultrahigh-
performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS).
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C, ¢ reverse-phase (RP) Nano UPLC-MS/MS analysis was performed
using a linear ion trap LTQ-XL mass spectrometer (Thermo/Finnigan,
USA) connected to a Dionex rapid separation LC (RSLC) UPLC system
(Thermo, USA).

The MS/MS raw data file was converted to a Mascot generic format file
using Proteome Discoverer version 1.3. A protein database search was
performed using Mascot (version 2.4.1) against the taxonomy of all en-
tries or E. coli of the NCBInr database using the following search param-
eters: trypsin, two missed cleavages, peptide charges of +2 and +3, pep-
tide tolerance of 2 Da, MS/MS tolerance of 0.6 Da. A decoy database
search was also performed to measure the false-discovery rate, carbam-
idomethylation on cysteine as a fixed modification and variable modifi-
cations of deamidation on asparagine and glutamine residues, oxidation
on methionine, and phosphoadenosine on histidine, lysine, threonine
and tyrosine. The identified phosphoadenylated peptide by Mascot had a
low ion score (probability score used to evaluate experimental data versus
theoretical) at a threonine residue. Further evaluation of the MS/MS data
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FIG 4 UV-difference spectrum of adenylylated and unmodified FOX-4. Ab-
sorption spectra were collected for concentration-matched (A,g,) samples
from the mAPBA column flowthrough (adenylyl-FOX-4) and elution (un-
modified FOX-4) that had been dialyzed into 25 mM Tris (pH 7.5). Inset:
difference spectrum showing absorption due to the presence of adenylyl-S64.

localized the phosphoadenylated residue to a serine residue instead of
threonine.

UV difference spectroscopy. The mAPBA column flowthrough
(100% adenylylated FOX-4) and eluted protein (100% unmodified
FOX-4) were dialyzed overnight against 100 volumes of 25 mM Tris (pH
7.5). The absorption spectra of concentration-matched (1.5 uM) samples
were measured in the 200- to 350-nm range on a Cary 300 spectropho-
tometer (Agilent Technologies). The spectrum of the unmodified FOX-4
was subtracted from that of the adenylylated FOX-4. The resulting UV
difference spectrum exhibited a maximum absorption at 260 nm.

Molecular modeling of FOX-4 with adenylate. The adenylate was
modeled into the FOX-4 structure bound with the SM23 inhibitor (our
unpublished data) using the inhibitor to guide the orientation of the
phosphate group. The model was optimized by using Discovery Studio 4.1
software (Accelrys, San Diego, CA). The acyl-enzyme complex was cre-
ated by making a bond with Ser64, and the CHARMM force field was
applied. The FOX-4 coordinates were placed in a fixed atom constraint for
energy minimization using steepest descent and conjugate gradient until
the minimum convergence with a generalized Born with molecular vol-
ume (GBMV) solvation model. Following equilibration, molecular dy-
namics simulations (substance-volume-temperature [NVT], 300 K) were
carried out on the bound ligand with the protein constrained, and the
lowest energy conformation was selected. The protein constraints were
removed, and the complex was further minimized until convergence.

X-ray crystallography. Diffraction-quality crystals for FOX-4 and the
Y150F variant were grown by sitting drop vapor diffusion by mixing 1 pl
of protein (concentration, 15 mg/ml in 50 mM Tris-HCI [pH 7.5]) with 1
pl of reservoir solution and equilibrating the samples against the corre-
sponding reservoir solution. The reservoir solution contained 0.05 M zinc
acetate and 20% polyethylene glycol 3350 (PEG 3350). Crystals with di-
mensions of 0.1 mm by 0.1 mm by 0.2 mm were mounted in cryo-loops
directly from the crystallization droplet and flash-cooled in liquid nitro-
gen. Prior to freezing, 20% glycerol was added to the drop as a cryopro-
tectant. The structure of the complex with cefoxitin was obtained by soak-
ing crystals with a saturating concentration of cefoxitin in the drop.
Diffraction data were recorded on a Rayonix 225 high-efficiency (HE)
CCD detector (Rayonix LLC, Evanston, IL, USA) with 0.979-A wave-
length radiation on the LRL-CAT beamline (Advanced Photon Source,
Argonne, IL). Intensities were integrated using the HKL-2000 program
and reduced to amplitudes using the Scalepack2MTZ program (see Table
1 for statistics) (19, 20). All structures were solved using molecular re-
placement with Phaser (21) and the Protein Data Bank (PDB) ID 1ZKJ
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FIG 5 Model of adenylyl-FOX-4. Adenylate was manually positioned in
FOX-4 using the FOX-4/SM23 boronic acid transition state analogue structure
(unpublished data) to guide the placement of phosphate prior to energy min-
imization. Gray dashes indicate polar contacts, and yellow dashes indicate -7
interactions.

structure as a starting model. Final model building and refinement were
performed with the programs Coot, Refmac, and Phenix, respectively
(22-24). The quality of the final structures was verified with composite
omit maps, and stereochemistry was checked with the program MolPro-
bity (25). The Lsqkab and secondary-structure matching (SSM) algo-
rithms were used for structural superpositions (26, 27). All other calcula-
tions were conducted using the CCP4 program suite (19).
Steady-steady kinetics. Steady-state kinetics were carried out on a
Cary 300 UV-Vis spectrophotometer (Agilent, Palo Alto, CA), as de-
scribed previously (28). Briefly, substrate(s) was dissolved in 10 mM
phosphate-buffered saline (PBS) (pH 7.4). Enzyme stocks were diluted
into PBS containing 0.1 mg/ml bovine serum albumin (Pierce, USA) to
improve stability. Velocity-versus-substrate concentration data were fit to
the Henri-Michaelis-Menten equation v = V. [S]/(K,, + [S]) using
KaleidaGraph (Synergy Software). For some “slow substrates,” the K, was
estimated as the competitive inhibition constant K; using nitrocefin
(NCF) as the reporter substrate. In those cases, the true K; was estimated

using the equation K; = K; ,,, X (1 + [NCFJ/K,,ncp)-

RESULTS
Two mass isoforms of recombinant FOX-4. Initially, crystals of
recombinantly expressed FOX-4 failed to diffract, so a mass spec-
trum of the protein was undertaken to determine a cause. The
matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometric analysis revealed two peaks,
one at the expected mass and a prominent mass peak at the ex-
pected mass + (329 = 8) Da (29), corresponding to the molecular
weight of an adenylate (AMP) PTM (30, 31). The same phenom-
enon was observed in three separate purifications of FOX-4 in
different laboratories, all bearing different N-terminal tags that
were proteolytically removed (Hisg, glutathione S-transferase, or
Hisy-maltose binding protein). Notably, all constructs lacked the
N-terminal signal sequence that specifies periplasmic localization.
To verify the identity and location of the PTM, electrospray
ionization-tandem mass spectrometry (ESI-MS/MS) was carried
out on a tryptic digest of one of the constructs. Only one peptide,
from positions 55 to 68 (VSEQTLFEIGSVSK) (m/z 618.4), was
observed to bear the additional mass of phosphoadenosine (329.1
Da) (Fig. 3). The MS/MS spectrum for this peptide included the
characteristic neutral loss of the phosphoadenosine moiety (31).
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FIG 6 The reaction proceeds through the reversible formation of the Henri-
Michaelis complex (ES), followed by acylation to form a covalent intermediate
(ES*) and deacylation to yield product (P). In general, class C enzymes are
deacylation rate limited, so the steady-state rate constant k,, approximates ks
(34).

cat

AMP has been observed as a PTM on histidine, lysine, threo-
nine, and tyrosine residues (32). However, neither the b- nor the
y-ion series bearing threonine or lysine gave a pattern reflecting
adenylylation there. This was also reflected in the low Mascot ion
score obtained, since only His, Lys, Thr, and Tyr are listed as the
possible amino acid residues for this PTM. Another possibility was
one of the three serine residues (Ser56, Ser64, or Ser66). Exami-
nation of the MS/MS spectrum revealed that the amino acid resi-
dues VSEQTLFEIG were all unmodified from the matching b,_,,
series and that residues VSK were also unmodified from the
matchingy,_ series. The y,_,, series all contained the neutral loss
of the phosphoadenosine moiety (31). Therefore, the MS/MS
spectrum (Fig. 3) fragmentation pattern strongly supports the lo-
calization of the phosphoadenosine PTM to Ser64: VSEQTLFEIG
S(phosphoadenosine)VSK.

The identity and location of the PTM are also borne out by
functional studies on the adenylylated protein. The modified and
unmodified FOX-4 proteins can be separated using mAPBA aga-
rose. The boronic acid functionality covalently binds to the un-
modified protein on the S64 residue, while the modified protein
passes through the column. The modified protein (flowthrough)
does not demonstrate detectable activity against nitrocefin, sug-
gesting that the AMP group blocks the active site, while the un-
modified protein (eluted with sodium borate) is strongly active
(data not shown). The UV spectrum of the modified protein has a
stronger absorption than the unmodified protein in the 240- to
300-nm range (Fig. 4). The difference spectrum (Fig. 4, inset)
reveals the absorption spectrum of the PTM, with an absorption
peak at 260 nm corresponding to adenylate. The magnitude of this
absorption is consistent with a stoichiometry of one AMP group
per protein (€,4, = 15,300 M~ ' cm ™" for adenylate). Phosphodi-
esterase I (from Crotalus atrox) treatment removes the AMP
group from the protein in a time-dependent manner, as assessed
by mass spectrometry (data not shown).

The S64A substitution generates a FOX-4 protein of a single
mass that also produces diffracting crystals. Unmodified wild-
type FOX-4 was ultimately obtained by its expression in the clin-
ical E. coli strain Ec GCE (33), followed by purification using the
mAPBA resin, which binds to 564 and excludes the modified en-
zyme. The high yield of unmodified protein suggests that adeny-
lylation occurs sparingly (if at all) in the native host, perhaps ow-
ing to the periplasmic localization sequence that is missing in the
recombinant tagged protein. The recombinant Y150F variant,
which generally halts catalysis at the acyl-enzyme intermediate, is
also unmodified despite being cytoplasmically expressed. The lack
of PTM in this variant suggests that an intact B-lactamase catalytic
center is required for the modification. Finally, a model of FOX-4
with AMP bound to S64 suggests the possibility of hydrogen
bonding to N152, Y150, S318, and N343 in the active site and no
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steric clashes (Fig. 5). A putative T-shaped m-stacking interaction
between F293 and the adenine ring might provide a rationale for
the unique adenylylation of FOX-4 (and not other class C en-
zymes), because the substitution of phenylalanine at that position
is observed in the FOX family only.

Steady-state kinetics of unmodified FOX-4. Previous efforts
to characterize FOX-4 have relied on recombinant expression of
the protein using affinity tags. As the PTM state of the protein was
not known, the in vitro kinetics for a few compounds was carried
out to compare to previous studies. The catalytic mechanism of
B-lactamase is seen in Fig. 6. The k., and K, values obtained in
this study (Table 2) were similar to those from a previous study
(14). Compared to other class C enzymes, FOX-4 has a much
higher k_,, when hydrolyzing cefoxitin. Similarly, FOX-4 displays
relatively higher k_,, values for cefotaxime and ceftazidime. En-
zymes that are designated cephamycinases display considerably
higher k., values (deacylation) than those of noncephamycinases,
with the exception of E. coli K-12 AmpC, for which acylation may
also be impaired (34). Notably, compared to FOX-4, plasmid-
mediated enzymes ACT-1 and MIR-1 also exhibit relatively high
k., values for cefoxitin of 0.37 s~ and 0.64 s~ ', respectively (35).
The K,, values for poor cephalosporin substrates are quite low
(0.004 pM to 4 wM); thus, the K,,, values are likely a physiologi-
cally relevant factor for the hydrolysis of these B-lactams, as is k,,.

X-ray structures of wild-type FOX-4, Y150F, and Y150F-ce-
foxitin complex. (i) Apo structures. The wild-type FOX-4 shows
a typical class C fold with an a-helical region and a mixed a-helix/
B-sheet region (Fig. 7). The refinement statistics are shown in
Table 1. All residues are within allowed Ramachandran regions.
Importantly, electron density was observed for all regions of the
protein; in the crystal structures of the closely related enzymes, the
Q loop and/or R2 loop region are missing electron density for a
few residues (MOX-1, residues 214 and 215 and 303 to 306; CMY -

TABLE 2 Initial-rate kinetics of native wild-type FOX-4 and other class
C enzymes

kcal/Km

Enzyme by drug K,, (pM) ke (s71) (pM s
Cefoxitin

FOX-4° 0.11 £0.01 091 =006 8309

P. aeruginosa AmpC” 0.05 0.12 2.4

CMY-2¢ 0.07 0.23 33

C. freundii AmpC® 0.25 0.032 1.3

K-12 AmpC® 0.65 0.2 0.3

P99 AmpC? 0.024 0.06 2.5
Cefotaxime

FOX-4 0.12+0.01 047 =001  39=*0.1

P. aeruginosa AmpC® 0.2 0.15 0.75

CMY-2¢ 0.004 0.0012 33

C. freundii AmpC” 0.005 0.017 3.4

K-12 AmpC? 1.7 0.17 0.1

P99 AmpC” 0.01 0.015 1.5
Ceftazidime

FOX-4" 4.1*0.1 0.30 £0.01  0.073 = 0.001

P99 AmpC 4 0.012 0.003

@ Data from this study.

’ Data from Galleni et al. (34).

¢ Data from Bauvois et al. (35).
9 Data from Matagne et al. (41).
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FIG 7 Crystal structure of apo-FOX-4 (1.6 A) shows a cluster of water mole-
cules (red spheres) interacting with residues R148, E272, G286, and N287
(yellow). Conserved active-site motif side chains are shown for SXXKg,_¢,
YXN, 50152 and KTG;,5_3,, (magenta). This image and those that follow were
made using PyMOL (Schrédinger).

10, residues 304 to 306). At 1.6-A refinement, several ordered
water molecules were seen in the active site contacting the residues
R148, E272, G286, and N287 (Fig. 7, yellow shading).

The Y150F protein crystallized with two monomers per asym-
metric unit in space group P2,. The overall structure is substan-
tially the same as that of wild-type FOX-4, except for slight shifts in
some side chain positions (Fig. 8). F293 has rotated ~60° and has
shifted 4.1 A. The phenol ring of Y221 has shifted 1.9 A. Other
changes are more subtle and will be considered below.

(i) FOX-4-cefoxitin structure. The deacylation-deficient
Y150F variant was used to trap the acyl-enzyme intermediate of
cefoxitin. The Y150F crystals were soaked with cefoxitin. The
soaked crystals diffracted to 1.2 A, with one monomer and two
cefoxitin molecules per asymmetric unit. One of the cefoxitin
molecules was captured in the active site, and the electron density
shows that the B-lactam ring carbonyl was contiguous with S64
and that the carboxamide R2 side chain was eliminated (Fig. 9).

T316
Y150
Y150F
N152 h

Y221

FIG 8 Overlay of wild-type FOX-4 (green) and Y150F FOX-4 (pink) apo
crystal structures.
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FIG 9 Overlay of wild-type FOX-4 (green) and Y150F FOX-4-acyl-cefoxitin
(orange) crystal structures.

The second cefoxitin bound in a region below the () loop (near
E171 and Q190) and appeared to be intact; the significance of this
finding is unknown at this time (data not shown).

The most prominent change in the acyl-enzyme, compared to
both apo structures, is a reorganization of the R2 loop/helix H10
(P289 to N297) (Fig. 10A). The most dramatic movement is in
F293, whose side chain rotates 130°, causing a 10.3-A (7.6 A from
Y150F apo) shift in the position of the phenyl ring. The Ca atom
moves 2.5 A toward the substrate and comes within 3.5 A of the
dihydrothiazine ring sulfur. Neighboring 5292 and N294 also re-
arranged their side chains by 154° and 4.1 A and 135° and 5.6 &,
respectively, compared to the wild-type apo structure. The signif-
icance of these movements is not readily apparent, as they do not
appear to form new polar contacts. The space occupied by the
repositioned F293 side chain presumably contained the substrate
R2 carboxamide prior to its elimination.

Also notable are new polar contacts that are formed in the
acyl-cefoxitin structure (Fig. 9). The hydrogen bond between the
N152 and Q120 side chains is broken upon ligand binding, with
N152 rotating 1.7 A away to prevent a steric clash with the 7-a-
methoxy group of cefoxitin (3.5 A separates the methyl group and
the N152 side chain). The Q120 side chain moves 2.2 A to form a
hydrogen bond to the substrate C, carboxylate, which appears far
from its usual binding pocket near residues N343 and 1346.

While the new contacts mentioned above seem to clearly im-
pact binding and catalysis, the purpose of other new contacts is
less obvious. A potentially significant interaction seen only in the
liganded structure and not in either apo structure is the hydrogen
bond between E171 and Q190 (perhaps related to the second ce-
foxitin molecule).

More subtle changes in the backbone conformation between
wild-type apo and Y150F-cefoxitin complex are seen in the ) loop
(G202 to G215), occurring in two segments (Fig. 10B). Compared
to their positions in the wild-type apo enzyme, the K205 side chain
is displaced by 5.8 A, the E206 Ca moves 1.9 A, the D207 Ca
moves 1.9 A, and the K208 side chain is displaced by 1.5 A. Resi-
dues P209 to R211 align well in both structures, but residues A212
to P214 have backbone shifts of about 2.0 A. An N-terminal loop
(L33 to N42) also shows a 2.3-A shift in the position of its Ca
atoms.

The differences between the Y150F apo and Y150F-cefoxitin
complex structures are minimal, since the ligand was soaked into
the Y150F crystal. Cefoxitin causes only a subtle change in the ()
loop, focused on the T213 side chain that moves 2.9 A (and Ca
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FIG 10 Structural changes in loops upon cefoxitin binding. Wild-type FOX-4, green; Y150F FOX-4 - cefoxitin, orange. (A) R2 loop. (B) € loop.

moving 2.2 A) away from the substrate thiophene ring. To maxi-
mize edge-to-face m-stacking interactions with this ring, Y221 also
shifts by 1.4 A. Again, the F293 side chain rotation toward the
substrate is the most significant structural difference between the
apo and liganded structures. This position is conserved in AmpC
as a leucine; several FOX family members are the only AmpC
enzymes that replace this residue with phenylalanine.

DISCUSSION

FOX-type plasmid-based AmpC cephamycinases, while less com-
monly observed than CMY-type AmpC, are clinically important
resistance enzymes (36, 37). We present here for the first time the
structure of a member of the FOX family, FOX-4. The structures
of the apo- and cefoxitin-bound enzymes show minor differences
that do not make the mechanism of rate enhancement against
cefoxitin readily apparent. Movement in the R2 loop (helix H10)
residue F293 upon substrate binding suggests a rearrangement in
this region that may impact catalysis. FOX family members differ-
ing at this position, FOX-3 (Phe) and FOX-8 (Leu), show differ-
ences in substrate selectivity (38). Other class C enzymes have a
leucine at this position, so the larger phenylalanine may impact
substrate repositioning.

The most striking difference among structures of acylated class
C enzymes is the positioning of the dihydrothiazine ring common
to all cephalosporins. Structural comparisons of extended-spec-
trum enzymes FOX-4 and MOX-1 with non-extended-spectrum
E. coli AmpC B-lactamase reveal two principal motions of this ring
that correspond to characteristic features in the active site and,
importantly, distinguish cephamycin-resistant and -susceptible
enzymes.

The first motion, rotation about the C,—Cg bond, must be
accomplished to tilt the dihydrothiazine ring away from the R2
substrate-binding loop. This rotation also causes the cephamycin
7-a-methoxy group to impinge on the N152 side chain, requiring
a shift in its position. The second motion, rotation about the
C¢—C, bond, moves the C, carboxylate either into a substrate- or
product-like conformation (hydrogen bonded to N343/N346 or
Q120, respectively).

The wild-type AmpC structure with acyl-moxalactam (PDB ID
1FCO) shows neither of these motions. The first rotation is steri-
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cally blocked by N152, but it appears that the N152A substitution
(PDB ID 115Q) allows the rotation to occur due to the relief of
steric hindrance (Fig. 11A). The second rotation is blocked for
both acyl-moxalactam AmpC structures because of charge repul-
sion between the C, carboxylate and the R1 side chain carboxylate.

The wild-type AmpC structure with acyl-cephalothin (PDB ID
1KVM) shows that the first motion can occur (due to lack of steric
hindrance with N152) and the second rotation has partially oc-
curred (Fig. 11B). In general, the C, carboxylate seems to hydro-
gen bond directly to either N346 (moxalactam) or N343 (cephalo-
thin), interacting indirectly with another Asn residue through a
bridging water molecule. However, neither of these conforma-
tions resembles that of the enzyme-product complex. In the ceph-
alothin product-AmpC complex (PDB ID 1KVL), both motions
have fully occurred, with the C, carboxylate having rotated some
120° to hydrogen bond directly to Q120 (Fig. 11C).

In the FOX-4 Y150F—acyl-cefoxitin structure (PDB ID 5CGX),
the ring can accomplish both motions and adopts a conformation
nearly identical to that of the cephalothin product, with the C,
carboxylate hydrogen bonded to Q120. Notably, FOX-4 lacks the
hydrogen-bonded network in the position 343 to 346 region due
to the N3461 and N289P substitutions, relative to AmpC (Fig. 9D).
Likewise, in the AmpC N152G-acyl-cefoxitin structure (PDB ID
4KEN), the ring accomplishes both motions. The N152G muta-
tion prevents the expected steric clash with the 7-a-methoxy
group but possibly reduces substrate turnover (cf. N152G in
AmpC from E. cloacae P99 [39]).

The structural features that permit cephamycin hydrolysis in
FOX-4 but not in E. coli AmpC may now be rationalized as fol-
lows. The first motion of the dihydrothiazine ring (about C,—Cg)
is able to occur in both FOX-4 and AmpC N152G-acyl-cefoxitin
structures due to a slight widening of the active-site pocket. In
FOX-4 (and MOX-1), this widening appears to be achieved
through the S153P substitution. The proline subtly alters the
backbone conformation, moving N152 0.7 A further away from
the substrate in FOX-4 than it is in AmpC. Presumably, this shift
provides enough room for the 7-a-methoxy and amide side chain
to rearrange. In AmpC, the observed rearrangement of cefoxitin
(PDB ID 4KEN) is facilitated by the N152G mutation, which pro-
vides adequate space. The second motion of the dihydrothiazine
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FIG 11 Overlays of cephalosporins and cephamycins in class C 3-lactamases. (A) Moxalactam in E. coli AmpC (wild type, PDB ID 1FCO chain B, gray; N152A,
PDBID 115Q chain B, orange). (B) Moxalactam (PDB ID 1FCO, gray) and cephalothin (PDB ID 1KVM, green) in wild-type E. coli AmpC. (C) Acyl-cephalothin
(PDBID 1KVM, green) and cephalothin product (PDB ID 1KVL, yellow) in wild-type E. coli AmpC. (D) Cefoxitin in FOX-4 (Y150F, PDB ID 5CGX, this work,

cyan) and E. coli AmpC (N152G, PDB ID 4KEN, magenta).

ring (about C,—C,) is facilitated in FOX-4 by the substitution of
Ile at position 346, which disrupts the hydrogen-bonded network
in the usual C,-carboxylate binding region. The ability of cefoxitin
to evade interactions with N343/N346 in the AmpC structure and
accomplish the full C.—C, rotation is not explained well by this
hypothesis and requires further investigation.

The rotation of the dihydrothiazine ring, first seen in the E. coli
AmpC-cephalothin product structure and now observed in the
acyl-cefoxitin structures of FOX-4 Y150F and AmpC N152G,
points to this motion as being important for progress through the
reaction. The ability of FOX-4 to promote a product-like geome-
try for cefoxitin may account for its considerable deacylation rate
enhancement. The FOX-4 binding pocket has several substitu-
tions relative to E. coli AmpC, including S153P near the catalytic
N152 residue and N289P and N346I in the carboxylate-binding
region. The S153P substitution is common to all of the extended-
spectrum enzymes, except CMY-2, and may be a common strat-
egy for accommodating bulky substrates (Fig. 2). Positions 289
and 346 form hydrogen bonds in E. coli AmpC but not in FOX-4.
Since FOX-4 lacks a polar side chain to position the bridging water
molecule, it has no means by which to bind the carboxylate in that
region. The same substitution is seen in MOX-1 and CMY-10, and
it has been shown that mutations at position 346 alter specificity
toward carbapenems in many plasmid-based class C enzymes
(15). It remains to be seen whether FOX enzymes are similarly
affected.
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Our investigation of FOX-4 has serendipitously uncovered a
novel PTM in B-lactamases: the adenylylation of a serine residue.
Previously, only histidine, tyrosine, threonine, and lysine have
been shown to be adenylylated (32). The modification is observed
in bacteria as part of a nutrient-sensing system involving glu-
tamine synthase, butitis little seen elsewhere. This first example of
a serine modification differs from the others in several ways. First,
itis probably artifactual rather than functional, given that it blocks
the active site of the enzyme and seems unlikely to serve an evo-
lutionary role. Only cytoplasmically expressed proteins appear to
be modified, while those that are exported to the periplasm escape
modification. Second, it is unlikely to be mediated by an aden-
ylyltransferase. The active site is sterically hindered, so the folded
enzyme could not receive the modification. While the modifica-
tion might be added prior to folding, this too seems unlikely, as
distal mutations (Y150F and Y150E) completely ablate it. It seems
more likely that some adenylate donor fits into the FOX-4 active
site and, due to the strong nucleophilicity of S64, is attacked. The
same phenomenon is observed for designed phosphonate inhibi-
tors (40). Phospho-S64 was recently observed in the MOX-1
structure (PDB ID 3W8K). While the FOX-4 AMP donor is un-
known, it seems reasonable that an aminoacyl-AMP complex,
such as that used for protein synthesis, might be a substrate, or
even cAMP.

While the mixture of modified and unmodified protein ini-
tially stymied structure determination efforts, the presence of
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the AMPylation raises certain questions. Could analogues of
adenylate donors be used as inhibitors? Is this modification
seen only in FOX enzymes, or does it appear in other recombi-
nantly expressed -lactamases? These questions highlight the
need for new compounds and new approaches to stop the pro-
gression of antibiotic resistance. Nevertheless, the present
work reveals the first structure of a FOX family cephamycinase,
providing insight into the evolution of substrate selectivity in
class C B-lactamases.
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